The phylogenetic relationship of geographically separated "Flectonotus" (Anura: Hemiphractidae), as revealed by molecular, behavioral, and morphological data. Phylogenetic analyses of data derived from one mitochondrial gene and one nuclear gene show that the five species of small marsupial frogs currently recognized as Flectonotus are in fact two distinct and not closely related lineages. This conclusion is strongly supported by reproductive behavior and morphological characters. Thus, we recognize the genus Fritziana Mello-Leitão for the three species in southeastern Brazil and Flectonotus Miranda-Ribeiro for the two species in northern South America.
Introduction
For more than a quarter of a century, the systematics of the small egg-brooding hemiphractid frogs has been unstable. Duellman and Gray (1983) recognized two genera, Flectonotus and Fritziana, based on differences in morphology, development, and karyology. In a paper dealing with the reproductive behavior of Fritziana goeldii, Weygoldt and Carvalho e Silva (1991) argued that Fritziana should be considered a synonym of Flectonotus. Their argument is based on the discussion of phylogenetic relations provided by Duellman and Gray (1983) that posited that Fritziana might be paraphyletic with respect to Flectonotus. However, Duellman and Gray (1983) discussed only one of five equally parsimonious trees. Re-analysis of the data matrix presented by Duellman and Gray (1983) reveals that their data do not resolve the relationships of three species of Fritziana ( Figure  1 ). In the most comprehensive molecular phylogeny of the Hemiphractidae , no samples were included of the three Brazilian taxa previously assigned to Fritziana. However, the two species that Duellman and Gray (1983) recognized as Flectonotus (F. fitz geraldi and F. pygmaeus) formed a wellsupported clade sister to all other hemiphractids. The phylogenetic analysis of Wiens et al. (2007) largely supports earlier work (e.g., Hillis 1987, Duellman et al. 1988) suggesting that direct development is the basal condition in hemiphractid frogs and that the presence of freeliving tadpoles is a derived reproductive mode, possibly as a result of arrested development (Wassersug and Duellman 1984) . Herein we report on the results of the first molecular phylogenetic analysis to incorporate data from all three Brazilian species formerly referred to Fritziana. Our molecular phylogeny is complemented by detailed observations on the reproductive behavior of one species of Flectonotus and one of Fritziana, and a brief review of morphological differences between the Venezuelan and Brazilian species. Taken together, these phylogenetic, reproductive, and morphological data support the recognition of two genera. For ease of comparison, throughout this work we use the generic names Flectonotus (for F. fitzgeraldi and F. pygmaeus) and Fritziana (for F. fissilis, F. goeldii, and F. ohausi) .
Materials and Methods
We determined the phylogenetic relationships of the Brazilian taxa through analysis of DNA sequence data. We obtained data from specimens of all three recognized species of Fritziana. We collected data for one mitochondrial (16S ribosomal RNA) and one nuclear locus (proopiome lanocortin, or POMC). Genomic DNA was extracted using a guanidine thiocyanate method (Esselstyn et al. 2008 ) and the genomic regions of interest were amplified using polymerase chain reaction (PCR). Primers pairs used are as follows: mitochondrial 16S-16Sc and 16Sd (Darst and Cannatella 2004) ; POMC-POMC-1 Figure 1 . Strict consensus of five equally parsimonious trees (7 parsimony-informative characters; 14 steps; for each tree, consistency index = 1.00, retention index = 1.00) that explain the distribution of character states observed by Duellman and Gray (1983) . Parsimony analysis conducted using a heuristic search with starting tree obtained via stepwise addition and treebisection-reconnection in PAUP v. 4.0b10 (Swofford, 2003) .
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and POMC-7 (Wiens et al. 2005 , Smith et al. 2007 ). Both mitochondrial and nuclear genes were amplified with the following PCR conditions: 95˚C (3 min); 35 cycles of 95˚C (30 sec), 55˚C (30 sec), 72˚C (1 min); 72˚C (5 min). Purification and sequencing follows Esselstyn et al. (2008) , and all newly collected sequence data are accessioned in GenBank. Resulting sequence lengths and GenBank accession numbers are provided in Table 1 .
To test the phylogenetic relationships of the Brazilian taxa, we assembled a dataset with broad taxonomic coverage based on available data in GenBank. Rather than assume the mono phyly of Hemiphractidae, we sampled throughout extant anuran diversity for relevant data that were available. We attempted to sample most genera for which data were available for the nuclear gene POMC. For these same taxa, we then compiled sequences of the mitochondrial 16S ribosomal RNA gene. In a few cases, we included 16S sequences for taxa for which data for POMC were unavailable. When the information was available, we used 16S data for the same individual from which POMC data were collected. Details on the taxa and the corresponding GenBank sequences used are provided in the Appendix I.
Multiple alignments of 16S and POMC data were generated using MUSCLE (Edgar 2004) with minor adjustments made by eye; the alignments used for analysis are deposited in Dryad (doi 10.5061/dryad.qq877). We analyzed the data using a single partition for 16S and partitioned by codon position for POMC (i.e., 3 partitions). Using the Akaike information cri terion (AIC) and jModeltest v.0.1.1 (Posada 2008) , we selected the following as the bestfit models of sequence evolution for these four We estimated phylogenetic relationships using both maximumlikelihood (ML) and Bayesian methods. We conducted a single analysis that combined the 16S and POMC data (4 partitions total). ML analyses were conducted on the aligned sequence data in RAxML ver. 7.0.4 (Stamatakis 2006 ) using a random starting tree, the faster rapid hill-climbing algorithm proposed by Stamatakis et al. (2007) , and the GTR + Γ model of sequence evolution for each partition. (Nylander et al. 2008) , we discarded the first six million generations; estimated sample sizes (ESS) from the four combined runs were all above 300. The phylogenies were rooted using the salamander Plethodon cinereus as an outgroup.
Reproduction and larval behavior of Fritziana goeldii and Flectonotus pygmaeus were observed in captive specimens housed in different terraria about 80 × 55 × 80 cm in size, equipped with twigs and plants, especially bromeliads containing water in their leaf axils, at 19-24°C. Individuals of Fritziana goeldii were captive-bred offspring of frogs used by Weygoldt (1989) and Weygoldt and Carvalho e Silva (1991) originating from Rio de Janeiro, Estado Rio de Janeiro, Brazil. Flectonotus pygmaeus were from the MaracayOcumare de la Costa Road, 650 m asl, Estado Aragua, Venezuela, and their captive-bred offspring. Egg laying in Fritziana goeldii was observed more than eight times, that of Flectonotus pygmaeus five times, one filmed with a Sony camcorder DCRTRV 120E in infrared ("Night Shot") mode.
The following acronyms are used for Brazilian collections: CFBH = Célio F. B. Haddad, Rio Claro, MNRJ = Museu Nacional Río de Janeiro, MZUSP = Museu de Zoologia, Universidade de São Paulo.
Results

Molecular Phylogenetic Analysis
The ML phylogeny based on analysis of the combined 16S and POMC data resolves Hemiphractidae as a monophyletic lineage (Figure 2) Duellman and Gray (1983) , are strongly supported; Flectonotus: BS = 100%, PP = 1.00; Fritziana: BS = 100%, PP = 1.00. Mean uncorrected pair-wise divergence between these two clades is high for both loci: 19.3% for 16S; and 7.1% for POMC.
Our analysis resolved Hylidae, Bufonidae, Centrolenidae, and Terrarana as monophyletic ( Figure 2 ). We note that the Ceratophryidae and Dendrobatidae were not resolved as monophyletic. However, our analysis includes very low taxon sampling within these families and we did not design our analyses to explicitly evaluate the monophyly of these relationships. Thus, we place little importance in the lack of monophyly for Ceratophryidae and Dendrobatidae.
Reproduction
Egg deposition, female post-mating behavior, and larval behavior in Fritziana goeldii.-The dorsal surfaces of the bodies of both male and female Fritziana goeldii are smooth. Longitudinal folds become apparent on the female's back only during mating. Egg deposition as described by Weygoldt and Carvalho e Silva (1991) agrees with our observations. We add information on what happens before the first egg is deposited, and summarize their and our observations for comparative purposes. After amplexus, the pair rests for more than 2 hr; if not disturbed during that time, mating begins. The pair usually sits on a horizontal or slightly sloping surface, such as a leaf, with the female's head slightly lower than her cloacal opening. She arches her body so that her head and posterior part of her body are elevated. The male also arches his body and places one or both of his feet at the level of, or posterior to, the female's cloaca ( Figure 3A) . A mucous secretion emerges from the female's cloaca; the male pushes the mucus anteriorly below his abdomen with vigorous pedaling movements of his feet. The more the male's feet reach forward, the more he arches his back, performing a "pelvic thrust" ( Figure 3B ). This procedure takes about 15 sec; then both frogs rest in their initial position. The procedure is repeated 19-29 times at intervals of about 1-5 min, but sometimes at longer intervals. With each pedaling pelvic thrust, the male beats the mucous secretion into a foamy mass. The female's dorsal skin gradually widens; sometimes small folds are visible dorsolaterally posterior to the male's forearms. Eventually, the female raises her cloaca higher than before and extrudes an egg. With the same movement as before, the male grasps the egg with his foot and moves it anteriorly with a pelvic thrust, continuously pedaling with his feet. Within about the next minute, the next egg is laid and deposited in the foamy mass ( Figure 3C ). As the number of eggs increases, the pelvic thrust is less intense, because the eggs are pushed a shorter distance, inasmuch as previously laid eggs cover the anterior part of the female's back. However, the male continues pedaling. In at least one pair, the last two bouts did not contain an egg, and the female flexed her back less than before. The female indicates the end of oviposition by raising the anterior part of her body and arching her head upward. Usually this motion is repeated a few times before the male deserts her by climbing forward over her head. The female rests for several minutes with the eggs embedded in the foamy matrix ( Figure 3D ). We have observed clutch sizes of 9-19 eggs ( = 13.5, n = 11); Weygoldt and Carvalho e Silva (1991) counted 10-22 ( = 16.1, n = 11) eggs.
Subsequent to oviposition, the female remains concealed and inactive for 4-8 days. The foam bubbles in the egg matrix disappear within 2-3 days ( Figure 4A ). The egg matrix and eggs, together termed "egg sac" by Weygoldt and Carvalho e Silva (1991) , form a unit that cannot be removed from the female's back without injuring her. Likewise, single eggs cannot be removed. Occasionally, unfertilized eggs remain in the matrix ( Figure 4B ). In one instance, several unfertilized eggs were present in an egg sac and became infested by a spreading fungus. When more than half of the eggs had been infested, the entire egg sac was sloughed.
Embryonic development is completed after 17 (Weygoldt and Carvalho e Silva 1991) or 20-23 days (K.-H. J., pers. obs.), at which time the female enters a waterfilled bromeliad leaf axil vent. In females that were offered only waterfilled jars, tadpoles left the eggs while the egg sac was submerged, but still on the female's back, or soon after the whole egg sac had been sloughed off and left in the water. Immediately after sloughing, skin folds are still visible ( Figure 4C ), but disappear within a few hours. Upon escaping the egg sac, the tadpoles are in Gosner's (1960) Stages 30-33 (Weygoldt and Carvalho e Silva 1991). The intestines of the robustbodied tadpoles are completely filled with yolk ( Figure 4D) . Within a few hours after hatching, the tadpoles ate the remains of the egg sac, as well as any unfertilized eggs or dead embryos, if present. They also ate commercial fish food, if offered. Metamorphosis was completed within 21-25 days in the water, or 38-42 days after ovi position. Tadpoles that ate nothing reached meta morphosis at the same time as those that fed. Egg deposition, female post-mating behavior, and larval behavior in Flectonotus pygmaeus.-The dorsum is smooth in male Flectonotus pygmaeus, whereas females have two longitudinal flaps of skin that either meet along the midline, thereby closing the dorsal pouch (Figure 5 ), or leave a gap of 1-2 mm in females that are not reproductively active. The pouch is always closed prior to mating. The oviposition behavior described by Duellman and Maness (1980) agrees with our observations. For comparative purposes we summarize their and our observations, especially by using a filmed sequence; we also add information on female post-mating behavior and tadpole behavior.
In captivity mating usually started 5-7 hr after the initiation of amplexus. A mating pair sits on a horizontal or sloping surface, so that the posterior part of the body is higher than the head in both individuals. Shortly prior to mating the female exerts a few single push-ups with both fore-and hind legs, as if to alert the male who starts breathing vigorously. Then the female lowers her head and raises her cloaca. The male positions his feet above the female's cloacal opening, which is situated dorsally, or slightly posterior to it and pushes his feet anteriorly with a pelvic thrust and pedaling movements ( Figure  6A anterior, or if the male actually opens them with his feet. Raising the cloaca and pedaling movements usually take 5-8 sec, after which the pair rests. The male's feet remain inserted in the female's skin flaps. The same procedure is repeated about 10-20 times. On one occasion, there were 13 bouts at intervals of 49 sec to 3:56 min ( = 87.3 sec); each bout lasts 5-21 sec ( = 10.2 sec). In each bout, the male pushes some mucous fluid from the female's cloaca into the pouch. This is especially apparent in later bouts when the female's posterior dorsum is visibly moist and a small bubble sometimes appears above the cloacal opening. While pedaling, the male occasionally removes one leg from the skin flap and quickly moves it backwards completely outstretched. Then he inserts his foot again. During the intervals, the female continues exerting single push-ups from time to time.
Oviposition begins when the female elevates her cloaca higher than before and the snout almost touches the surface. An egg appears, moves anteriorly between the male's tarsi and is taken with one foot and pushed forward with pedaling movements that are more intensive, but slower than previously ( Figure 6B ). In one instance, when six eggs were laid, intervals were 42-82 sec ( = 53.6), and bouts lasted 12-18 sec ( = 15.8). During the last bout, an egg did not appear, but the male continued his movements. During egg laying, the female does not raise her head during intervals between bouts. At the end of oviposition, the female elevates her head and lowers her cloaca. The male quickly removes his feet and raises his shanks ( Figure 6C ). After the female has raised her body higher once or twice again, the male scrambles forward over her head and departs. At this time, the pouch is closed except for the posterior one fifth or so, where usually one egg is visible. Two to four minutes after termination of amplexus, the female starts inhaling in intervals. By inhaling and exhaling, she positions the eggs. This is repeated several times at least during the next 15 min. The shapes of the eggs, invisible immediately after the end of amplexus, become visible. During this time, the female slowly moves in a circle with a diameter about 3-4 times her snout-vent length; sometimes she changes direction and stops to flex her body and to press her shanks dorso laterally onto the posterior part of the body. By this time, the aperture to the brood pouch closes completely (Figure 7 ). Clutches contained 5-13 eggs ( = 9.1, n = 14).
The night after mating, the female forages actively. After 23-26 days ( = 24.2, n = 16), the skin flaps begin to gape slightly. The female then seeks a waterfilled bromeliad leaf axil and releases the tadpoles at night. When offered only a jar of water, the female was observed to submerge only the posterior third of her body. After several minutes, the tadpoles exit the pouch rapidly, one after another. The female does not deposit an egg sac or remains of an egg matrix, but occasionally, an unfertilized egg or a dead embryo is extruded. In a few instances, clutches in the pouch showed no development at all. In these cases, the skin folds retreated toward the sides of the body and the pouch opened ( Figure   Figure 5 . Flectonotus pygmaeus, non-brooding female. 
8).
The eggs appeared to be closely packed. No egg matrix was visible, and the eggs broke off singly or in small groups, and did not seem to be connected to one another. The larval intestines were filled with yolk. The tadpoles neither ate dead eggs or embryos nor any other kind of common tadpole food offered. They metamorphosed without feeding and left the water 11-17 days ( = 13.8, n = 96) after being released from the pouch and 34-43 days ( = 38.0, n = 89) after mating.
Morphology
Flectonotus and Fritziana differ in the size and shape of the nasal bones; in Flectonotus, the nasals are small, slender, and widely separated, whereas in Fritziana, they are much larger and nearly abut anteriorly (Duellman and Gray 1983) . Embryos of hemiphractid frogs have one or two pairs of gills. Large, bell-shaped gills completely cover the embryos in Gastrotheca, Hemiphractus, and Stefania, whereas the gills are notably smaller and only partially cover the embryos in Cryptobatrachus, Flectonotus, and Fritziana. In Fritziana, two pairs of gills are present; they are derived from the first and second branchial arches. In contrast, Flectonotus has only one pair of gills, which are derived from the first branchial arch.
The tadpoles of both genera lack labial denticles; the beaks in tadpoles of Fritziana have small, keratinized beaks, whereas the beaks of tadpoles of Flectonotus are weakly cornified. The tadpoles of Fritziana fissilis and F. goeldii have a complete ventral velum in the floor of the mouth; the ventral velum is small and present only laterally with the resulting gap equal to about half the width of the buccal floor in Flectonotus pygmaeus (Wassersug and Duellman 1984) .
Discussion
Our phylogenetic analysis of DNA sequence data supports the recognition of two distinct lineages that correspond to Flectonotus and Fritziana as recognized by Duellman and Gray (1983). Each genus is resolved as monophyletic with high support. However, there is little support that Flectonotus and Fritziana are sister taxa as posited by Duellman and Gray (1983) and Wassersug and Duellman (1984) , and implicit in the previous taxonomies for these genera (for review, see Duellman and Gray 1983) . Our analysis generally agrees with several previous phylogenetic analyses that resolved the Hemiphractidae as monophyletic (Wiens 2007 , Guaya samin et al. 2008 , Heinicke et al. 2009 ), but differs from several earlier studies with low taxon sampling of hemiphractids that did not find evidence of monophyly (Darst and Cannatella 2004 , Faivovich et al. 2005 , Frost et al. 2006 . Our results suggest Flectonotus and/or Fritziana to be the earliest branching lineages within the Hemiphractidae. This is consistent with the results of Wiens et al. (2007) and Wiens (2007) and the analysis of nuclear loci by Guayasamin et al. (2008) , but differs from the results of Heinicke et al. (2009) . Unfortunately, the relationships of Flectonotus in the analysis of Heinicke et al. (2009) are difficult to interpret because these authors used a composite terminal taxon for "Flectonotus" that combined data from Wiens et al. (2005 Wiens et al. ( , 2007 for F. fitzgeraldi with data collected by Faivovich et al. 2005 (also used in Frost et al., 2006 for a specimen (CFBH 5720) designated Flectonotus sp. from Santo Amaro da Imperatriz in Santa Catarina, Brazil, most certainly a species of Fritziana, not Flectonotus. Thus, the analysis by Heinicke et al. (2009) combined data from Flectonotus and Fritziana, two deeply divergent lineages.
Resolving either Flectonotus or Fritziana as the earliest branching lineage within Hemiphractidae generally supports the pattern of character evolution outlined by Wiens et al. (2007) . This pattern differs somewhat from that of Wassersug and Duellman (1984) as it implies either that the egg-brooding basin on the female's dorsum is plesiomorphic for Hemiphractidae and was then lost one or multiple times (e.g., Hemiphractus, Stefania) or that this basin evolved multiple times independently. However, we note that relationships between hemiphractid genera lack strong support in our analysis, and future analyses including Cryptobatrachus might alter interpretations of character evolution within marsupial frogs.
Mating, post-mating and tadpole behavior are almost identical in Flectonotus fitzgeraldi and F. pygmaeus (Proy 1995) . As in F. pygmaeus, there is a lengthy elapse of time between the commencement of amplexus and actual mating in F. fitzgeraldi. The female performs circular movements early, during egg laying. Like F. pygmaeus, females of F. fitzgeraldi do not release an egg sac when tadpoles are deposited in water and the latter are obligatory non-feeding. Only one ovary produces the eggs of a clutch. This is visible through the translucent ventral skin in F. pygmaeus as well, but not through the pigmented skin of F. goeldii.
Fritziana goeldii and Flectonotus differ in both mating and post-mating behavior and, not surprisingly, this is correlated with morphological differences. In Fritziana goeldii, the male constructs a foam nest on the female's back. The foam forms the matrix into which the eggs are embedded and held together. In species of Flectonotus, the skin flaps on the back of the female's dorsum functionally replace the egg matrix. A "basin" was observed in which the eggs are placed on the Fritziana goeldii female's dorsum. Lateral skin folds may form along the sides of the clutch and deepen the basin, depending on the number of eggs. These lateral folds also form in Hemiphractus and Stefania in which eggs are deposited on the dorsum (K.-H.J., pers. obs.) if clutches are large. Combined with our phylogenetic data, this implies that egg covers have evolved independently in the shape of skin flaps (Flectonotus) or pouches (Gastrotheca) in hemiphractids, but Fritziana, Hemiphractus, and Stefania cannot be differentiated by presence or lack of skin folds. The skin flaps covering the eggs in Flectonotus seems facilitate foraging by females during brooding, whereas female Fritziana goeldii, which lack these flaps, are inactive for several days.
The differences in keratinization of larval beaks is reflected in feeding habits of the two genera-keratinized beaks in the facultative nonfeeding tadpoles of Fritziana, and the weakly cornified beaks in the obligatory non-feeding tadpoles of Flectonotus. By having small external gills that only partially envelop the embryo, Flectonotus and Fritziana are like Cryptobatrachus, in which eggs carried openly on the back of the female undergo direct development. Unlike Fritziana and all other genera of hemiphractids, Cryptobatrachus and Flectonotus have only one pair of small external gills. Gastrotheca also has a single pair of gills, but these are the result of fusion of the gills from the first and second branchial arches (Wassersug and Duellman 1984) .
A brief analysis of the advertisement calls of the two species of Flectonotus and the three species of Fritziana by Duellman and Gray (1983) showed that the call of Flectonotus pygmaeus consists of only one note and thereby differs from the multi-noted calls of F. fitzgeraldi and of the three species of Fritziana. A more detailed analysis of the calls of Fritziana goeldii and the two species of Flectonotus by Sinsch and Juraske (2006) also revealed that F. pygmaeus is unique in having a call consisting of a single note ("pulse group" fide Sinsch and Juraske). These authors (2006:156) suggested that "F. pygmaeus vocalizations may indicate that this species is outgroup to a clade formed by the other four members of Flectonotus [includes Fritziana] which share the calls composed of at least two pulse groups." Our molecular, behavioral, and morphological data do not support their suggestion.
Taxonomic Conclusions
The distinct differences in morphology and reproductive behavior between the Venezuelan Flectonotus and the Brazilian "Flectonotus" are strongly supported by genomic differences, as well as karyological differences (Bogart 1973 
